The present study was conducted to investigate the effects of Ga-Al-As laser irradiation on the mineralization ability of human dental pulp (HDP) cells. HDP cells in vitro were irradiated once with a Ga-AL-As laser at 0.5 W for 500 s and at 1.0 W for 500 s in order to investigate free radicals as one mechanism for transmission of laser photochemical energy to cells. Production of the hydroxyl radical ( · OH) was measured using the ESR spintrapping method and was found to be increased by laser irradiation. The DMPO-OH was not detected in the presence of dimethyl sulfoxide (DMSO), a · OH scavenger. The formation of calcification nodule was also investigated by von Kossa staining. The number of calcified nodules was increased by 1.0 W-laser irradiation. Alkaline phosphatase (ALP) activity was higher in the 1.0 W-laser irradiation group. Expression of mRNAs for heat shock protein 27, bone morphogenetic proteins (BMPs) and ALP were greater in the 1.0 W-laser irradiation group. Expression of BMPs in the conditioned medium was also higher in the 1.0 W-laser irradiation group. In particular, DMSO decreased the number of calcified nodule produced by 1.0 W-laser irradiation. These results supposed that the mineralization of HDP cells is stimulated by laser irradiation, and that · OH generated by laser irradiation is a trigger for promotion of HDP cell mineralization.
In the treatment of teeth with exposed pulp, calcium hydroxide formulations are currently used to accelerate the formation of hard tissue (dentin bridge) on the exposed pulp surface. 1, 2) Though this pulp-conserving coverage technique is practiced widely, hard tissue formation often does not progress smoothly towards a cure, necessitating pulp extraction. As dental pulp conservation in the root canal is considered to yield the best long-term outcome, and pulp extraction has a major impact on the life of the affected tooth, various pulp-conservation treatments are being sought. 3, 4) Recently, the clinical use of lasers has increased, and lasers are now employed frequently even for endodontic treatment. 5, 6) In particular, short wavelength Nd:YAG lasers and Ga-Al-As lasers are used for coagulation of deep tissue in the body, as well as for surgical treatment, hard tissue formation, and root canal therapy. [7] [8] [9] Against this background, we have been studying the anti-inflammatory effect of GaAl-As laser irradiation when used as an adjuvant to accelerate hard tissue formation.
Melcer et al. reported 10) that dentin bridge formation on exposed pulp surfaces in monkeys was significantly more pronounced one month after CO 2 laser irradiation than in non-irradiated controls. Utsunomiya reported 11) that dentin bridge formation was observed earlier on exposed pulp surfaces in dogs at one week after Ga-Al-As laser irradiation than in non-irradiated controls. In contrast, research involving cultured HDP cells has shown that when cultured cells were exposed to laser irradiation, calcified nodule formation increased after long-term culture, and alkaline phosphatase (ALP) activity was significantly accelerated. 12) We have investigated the effect of heating during Ga-Al-As laser irradiation on ALP activity and reported that the effects attributable to photochemical energy were greater than those attributable to thermal factors. 9) However, issues such as cell-propagated signaling immediately after laser irradiation and hard tissue-related gene expression have received little attention.
One well-known process of free radical production in the body is the transition from superoxide anions (O 2
Ϫ
) to hydrogen peroxide (H 2 O 2 ), and thereby to hydroxyl radicals ( · OH). Additional application of ultraviolet or X-ray stimulation during this process leads to significant production of active oxygen. 13, 14) Kashima-Tanaka et al. reported 15) that · OH was created from H 2 O 2 by argon laser irradiation. Excess production of active oxygen species is considered to result in substances causing various diseases, but recent attention has focused on the fact that differing quantities of production have bactericidal and other bio-defensive roles, as well as enhancing cell-proliferative activity, and information signaling. [16] [17] [18] Nishida et al. have reported 19) that · OH produced from H 2 O 2 play a role in cell signaling by activation of cell membrane G-protein. Lee et al. have also reported 20) that H 2 O 2 significantly increases ALP activity and the formation of calcified nodules in MDPC-23 cells.
Oxidative stress from active oxygen momentarily induces synthesis of heat shock proteins (HSP) as a cellular-level defense against damage. Among these, HSP27 is known to be expressed specifically by osteoblasts, and Kozawa et al. reported 21) that HSP27 is intimately involved in osteoblastic hard tissue formation. Accordingly, our research has focused on free radicals as one mechanism for the transmission of laser photochemical energy to cells, and we have performed in vitro investigations involving laser irradiation of cultured HDP cells. Specifically, we investigated the effect of · OH on HSP27 expression, together with the expression of BMP genes and proteins, and both the gene expression and activity of ALP, which are differentiation markers of accelerated hard tissue formation and calcified nodule formation.
MATERIALS AND METHODS
Cell Isolation and Culture HDP cells were obtained from the unerupted teeth extracted from a young patient in the course of orthodontic treatment. The patient gave in-formed consent before providing the sample. After the dental pulp had been extracted under sterile conditions, it was washed twice with Hank's balanced salt solution (pH 7.4). Then the pulpal tissue was minced, placed on a 35-mm tissue culture dish, and covered with a sterilized glass coverslip.
The culture medium used was a-minimal essential medium (Gibco, Grand Island, NY, U.S.A.) containing 10% fetal calf serum and antibiotics consisting of 100 mg/ml penicillin G (Meiji Seika, Ltd., Tokyo, Japan), 100 mg/ml gentamicin sulfate (Meiji Seika), and 100 mg/ml fungisone (Gibco) supplemented with 50 mg/ml ascorbic acid (Wako, Osaka, Japan) and 10 mM sodium b-glycerol-phosphate (Wako). Culture was maintained in an atmosphere consisting of 5% CO 2 , 90% N 2 , and 5% O 2 at 37°C.
When cell growth from the explant had reached confluence, the cells were detached with 0.05% trypsin (580 BAEE units/mg; Gibco) in phosphate-buffered saline (PBS) and subcultured in culture flasks. Cells observed at confluence by phase-contrast microscopy had not formed the small mats typical of epithelial cells. For the experiment, HDP cells from 6 to 9 passages were plated at 1ϫ10 5 cells (1.5 ml medium) per dish.
Cell numbers were recounted with a Coulter Counter ZM (Coulter Electronic Ltd., Luton, England).
Laser Irradiation A high-energy Ga-Al-As laser apparatus (Osada light-surge 3000, Osada, Tokyo, Japan), with a wavelength of 810 nm (Ϯ20 nm) and a maximal power output of 3.0 W, was used in this study. The laser beam was delivered by an optical fiber 0.6 mm in diameter, with the distance from the tip of the fiber to the cell layer being 5 cm. The cells in the 35-mm dish were irradiated continuously at 1.0 W output power, and the total energy each time, corresponding to a 500 s exposure, was 7.643 J/cm 2 . The subculture of HDP cells was irradiated at 0.5 W (0.5 W-laser irradiation group) or 1.0 W (1.0 W-laser irradiation group) when the cells were near confluency. In this experiment, dimethyl sulfoxide (DMSO, Wako) was used as a · OH scavenger. The DMSO was prepared by dissolving it in culture medium to give a concentration of 1ϫ10 Ϫ2 M, and then HDP cells were grown in this solution (DMSO group). In another group, we delivered laser irradiation to HDP cells in the same solution for 500 s at 1.0 W (DMSO-laser irradiation group). As a control, the dishes with cultured cells were placed on a clean bench for 500 s without any irradiation (control group). Thereafter, HDP cells were rinsed two times with PBS, and maintained in a CO 2 incubator for up to 28 d after subculture without any subsequent treatment.
Measurement of · OH The amount of · OH generated during 500 s laser irradiation was measured using the ESR spin-trapping method. 15, 22) HDP cells cultured in a dish were rinsed with PBS, and 160 ml of medium, 20 ml of PBS, and 20 ml of 890 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, Dojin Chemicals, Kumamoto, Japan; as a spin-trapping agent for free radicals) were added. The cells were irradiated with the laser for 500 s. The cells were then harvested with a cell scraper (Sumitomo Bakelite Co., Ltd., Japan), and the ESR spectrum was recorded 60 s after the laser irradiation. For inhibition experiments, 20 ml of PBS was replaced with 20 ml of 100 mM DMSO. In addition, measurements were also performed on non-irradiated HDP cells. The ESR spectrum was recorded with a JES FA300 (JEOL, Tokyo, Japan). The conditions for ESR were as follows: microwave power 8 mW, magnetic field 335.0Ϯ5 mT, sweep time 2 min, amplitude of 100 kHz-field modulation 0.1 mT, and time constant 0.03 s.
Examination of Calcified Nodule Formation For examination of calcified nodule formation, HDP cells were cultured for 28 d in vitro and stained using the von Kossa technique. We prepared 5-mm 2 grids in dishes as one field and counted calcified nodules in 10 fields at ϫ40 magnification using a light microscope.
RNA Extraction HDP cells cultured in the medium were lysed with Trizol (Life Technologies, ME, U.S.A.) according to the manufacturer's protocol, and the total amount of RNA was extracted and stored at Ϫ80°C. The mRNA extraction time used was that described in previous reports. 23, 24) RT-PCR cDNA synthesis and amplification by RT-PCR were carried out with a GeneAmp RNA PCR kit (PerkinElmer, Norwalk, CT, U.S.A.). The PCR mixture was subjected to amplification with a GeneAmp PCR system 9600 (Perkin-Elmer) set at 94°C. for 1 min, 60°C. for 1 min, and 72°C. for 30 cycles, respectively. The PCR primers for HSP-27, BMP-2, BMP-4, ALP, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed and synthesized with reference to the reported cDNA sequences. These primers were as follows: GAPDH (forward) 5Ј-ATCACCA-TCTTCCAGGAG-3Ј. PCR fragments were electrophoresed on a 1.5% agarose gel and stained with ethidium bromide.
Effects on BMP-2 and BMP-4 Production BMP-2 and BMP-4 released into the culture medium over 48 h and 72 h of incubation, respectively, were measured using a Quantkine BMP-2 ELISA kit ® (R&D Systems, Minneapolis, MN, U.S.A.) at 450 nm in a model 2550 microplate reader (BioRad Labs, U.S.A.).
Assay of ALP Activity HDP cells cultured in 35-mm dishes were rinsed three times with PBS. Glycine (100 mM, pH 10.5) buffer containing 2 mM MgCl 2 and 8 mM p-nitrophenylphosphate (p-NPP) was then added and the amount of p-NP was measured at 405 nm. One unit of enzyme was defined as the activity that liberated 1 mM product/min at 37°C, and ALP activity was expressed as mUnit/dish.
Statistical Analysis All values are presented as the meanϮS.D., and the significance of differences was determined using Student's t-test.
RESULTS

Detection of · OH
The · OH generated from HDP cells has been measured using ESR spin-trapping method with DMPO. 22) Typical ESR spectra of · OH adduct of DMPO (DMPO-OH) were observed after 0.5 W-or 1.0 W-laser irradiation of HDP cells (Fig. 1) . The hyperfine coupling constant of this signal was analyzed and found to be: A N ϭA H ϭ 1.49 mT, which agreed with the value reported previously. 25) The height of the DMPO-OH signal increased depending on the power of the laser. There was no significant difference in the signal height among 250 s, 300 s, and 500 s irradiation with a 1.0 W-laser (data not shown). HDP cells lacked a DMPO-OH signal in the presence of DMSO, a · OH scavenger, despite irradiation, indicating that the DMPO-OH is caused by · OH generation. The irradiation of culture medium did not generate DMPO-OH (Fig. 1) .
Calcified Nodule Formation When the number of calcified nodules present in 35-mm dishes was counted on day 28, it was found to be significantly increased in the 1.0 W-laser irradiation group after subculture, compared with the DMSO group, the DMSO-laser irradiation group, and the control group (Figs. 2, 3 ) (pϽ0.01). In addition, no significant difference was recognized between the DMSO group, the DMSOlaser irradiation group and the control group (nϭ15).
RT-PCR To determine the effects of laser irradiation on expression of mRNA for HSP 27, BMP-2, BMP-4 and ALP, we used RC-PCR analysis. An increase in mRNA in the 1.0 W-laser irradiated group was recognized at 1 h (HSP 27), 6 h (BMP-2), 12 h (BMP-4), and 6 d (ALP), in comparison with the DMSO group, the DMSO-laser irradiation group, and the control group (Fig. 4) .
Effects on BMP-2 and BMP-4 Production The 1.0 Wlaser irradiation group showed a significant increase in BMP-2 production compared with the control groups at 48 h (pϽ0.01). No significant difference was observed between the control groups. A similar increase in BMP-4 production was also evident after 72 h (pϽ0.01), and again no significant difference was observed between the DMSO group, the DMSO-laser irradiation group, and the control group (Figs.
5, 6) (nϭ21).
Assay of ALP Activity These was a significant increase in ALP activity in the 0.5 W and 1.0 W-laser irradiation groups, compared with ALP activity in the DMSO group, the DMSO-laser irradiated group, and the control group on day 12 (pϽ0.01). There was no significant difference between the DMSO group, the DMSO-laser irradiation group, and the control group (Fig. 7) (nϭ15) .
DISCUSSION
A number of studies have reported that hard tissue formation is enhanced as a reaction of dental pulp to laser irradiation. Histological studies have suggested that the reaction of dental pulp to laser irradiation of the exposed pulp surface in animal teeth is applicable to direct pulp capping and pulpotomy. 10, 11) Although cytological studies have shown that calcified nodule formation is increased and ALP activity enhanced when HDP cells are exposed to laser irradiation, 9, 12) few studies have investigated the cellular responses and gene expression just after laser irradiation. In the present study, to elucidate the mechanism of promotion of hard tissue formation by Ga-Al-As laser irradiation, we focused on · OH generation and investigated its effects on hard tissue formation by HDP cells. While it has been reported that · OH is involved in apoptosis, 26) inflammation, 27) DNA damage, 28) and aging, 29) it has also become clear that · OH also plays roles in cellular signal transduction. 30) Nishida et al. reported 19) that activation of MAP kinase was dependent on activation of Gprotein when rat neonatal cardiomyocytes were treated with H 2 O 2 , indicating that · OH directly activates G-protein independently of receptors.
We have demonstrated increases in calcified nodule formation, ALP activity, and expression of BMP-2 protein when HDP pulp cells were treated with H 2 O 2 .
24) These findings therefore suggest that · OH participates in hard tissue formation in HDP cells.
Initially, free radicals were analyzed qualitatively and quantitatively using the ESR spin-trapping method 15, 22) in HDP cells following Ga-Al-As laser irradiation. Generation of · OH was detected in the control group, 0.5 W-laser irradiation group, and 1.0 W-laser irradiation group, and the generation of · OH increased with increasing laser strength. In the group treated with DMSO, a scavenger of · OH, generation of · OH was not detected, even in the DMSO-laser irradiation group. These findings confirmed that generation of · OH was increased by Ga-Al-As laser irradiation of HDP cells.
Concerning the oxidative stress due to reactive oxygen species, it is thought that the synthesis of HSP is temporarily induced as a response at the cellular level, and that this protects against cellular damage. 31) HSP27 in particular is known to be a HSP that is expressed specifically in osteoblasts, and Kozawa et al. have reported 21) that HSP27 is intimately involved in hard tissue formation by osteoblasts. Zhang et al. have reported 32) that H 2 O 2 induces the expression of HSP27 in a human lens epithelial cell line. The effects are mediated, at least in part, through the activation of the P38MAPK signaling pathway. We therefore examined the gene expression of HSP27, since it might be specifically expressed in HDP cells. Upregulation of gene expression was detected in the 1.0 W-laser irradiation group in comparison with the control group, the 0.5 W-laser irradiation group, the DMSO group, and the DMSO-laser irradiation group, indicating that the gene expression of HSP27 was increased, as one of reaction that HDP cells were exposed by · OH.
We next measured the numbers of calcified nodules by von Kossa staining in order to determine if calcified nodules were formed by HDP cells during days 28 in culture after Ga-AlAs laser irradiation. The numbers of calcified nodules in the 1.0 W-laser irradiation group differed significantly from those in the other experimental groups. In addition, no significant difference in the number of calcified nodules was observed among the control group, the DMSO group, and the DMSO-laser irradiation group. These findings suggest that · OH generated as a result of 1.0 W Ga-Al-As laser irradiation promotes hard tissue formation by HDP cells.
It is thought that ALP and BMP play important roles in a series of processes that lead to mineralization. It is also thought that BMP plays important roles in osteoblast differentiation and bone formation, growth, and regeneration. 33) Nakase et al. reported 34) that ALP activity is promoted in mouse preosteoblastic cell lines by treatment with BMP-2 30 Vol. 30, No. 1 and BMP-4. In addition, it has been reported 35) that gene expression of BMP-2 is upregulated and ALP activity is promoted in HDP cells in cell culture at alkaline pH. These findings suggest that BMP-2 is also involved in the hard tissue formation of HDP cells. It is thought that ALP is produced in the early stage of mineralization through a series of processes, and it has been reported that high ALP activity is observed in HDP cells. Thus it is possible that ALP may also be used as a marker of cellular differentiation to form hard tissue in dental pulp. 36) In addition, since we have shown previously that the peak of ALP activity in HDP cells occurs from day 12 to day 15 in culture, 9) ALP activity was measured at day 12 of culture. We investigated the gene expression of BMP-2 at 6 h, that of BMP-4 at 12 h, and that of ALP at day 6. We also investigated the protein expression of BMP-2 at 48 h and that of BMP-4 at 72 h. The highest value and increase in ALP activity, and expression of its gene and protein, were observed in the 1.0 W-laser irradiation group. In addition, no significant differences in ALP activity, gene expression, or protein expression were observed among the control group, the DMSO group, and DMSO-laser irradiation group. These findings indicate that HDP cells differentiated into cells with the ability to exhibit hard tissue formation mediated by · OH generated by 1.0 W Ga-Al-As laser irradiation.
Taken together, our findings indicate that the · OH generated by 1.0 W Ga-Al-As laser irradiation promotes hard tissue formation in HDP cells. As noted above, this suggests that the · OH generated by Ga-Al-As laser irradiation activates cell-signaling molecules such as G-protein, thereby promoting hard tissue formation by HDP cells.
